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FOREWORD 


Thlii report was praparad as tha final tachnical raport for work 
coaplatad on tha stator fabrication and stator avaluation tasks under 
tha program for "Ewaluation of Caraaies for Stator Applicationa~Gas 
Turbina Engines*" contract number DEN 3>00019. Work was coaplatad 
earlier on two other tasks and reported separately. 

The program was funded by the H.S. Departaent of Energy* 
Conservation and Solar Energy* Division of Transportation and Enargy 
Programs anu Adainistared by the NASA Lewis Research Center under 
interagency agreement DEAI*01*77CS31040. 

Principal investigators of this program were P. H. Havstad and W. 
Trela* Ford Motor Company* tha NASA project manager was G. K. Watson* 
NASA Lewis Research Center* and the DOE project manager was R. B. 
Schuls. The co-author* Hr. N. Amon was the responsible engineer for 
the evaluation phase of the program* including rig developsMnt and 
automation. 

The authors wish to acknowledge the contribution and support of 
Ford personnel whose efforts were instrumental in tha successful 
completion of this program; R. L. Allor* for coordinating the NDE pro- 
cessing and SMChining of stators and ceramic support hardware and B. 
J. Moore* M. Seaman and C. A. Galiette for their careful work in exe- 
cuting over one hundred rig builds and two-hundred test runs required 
during the program. 
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ABSTRACT 


Th« obJ«ctlT« of th« DOE/NASA/F'ord prograa for "Eraluatlon of 
Coraales for Stator Appllcatlona In Gas Turbina Bnglnaa** waa to aaaaaa 
currant caranic natarlals, fabrication proeasaas, rallablllty pradlc* 
tlon and atator durability whan aubjactad to alnnilatad autoaotlra gaa 
turblna angina oparatlng condltlona. 

Caraalc ona*placa atatora wara fabrlcatad by AlRaaaarch Caatlng 
Co., Carborundua, Ford and Morton of two aatarlala, alllcon nltrlda 
and alllcon carblda, ualng two naar*nat*ahapa procaaaaa, allp caatlng 
and Injactlon aoldlng. Non^doatructlra araluatlon taata wara con- 
ducted on all atatora Identifying Irragularltlaa which could eontrl- 
buta to falluraa under durability tea ting. 

DaTalopaant of the teat rig and automatic control ayatan for 
rapaatably controlling air flow rata and tanparatura owar a highly 
tranalant durability duty cycle la dlacuaaad. 

Durability raaulta are praaantad for repeated thermal cycle 
taatlng of the ceramic ona-placa atatora. Two duty cyclaa were uaad, 
encompaaalng the tempera tura rangaa of 704 to 1204 *C (1300 to 2200*F) 
and 871 to 1371*C (1600 to 2500*F). Taata were conducted on 28 ata- 
tora, accumulating 133,551 cyclaa In 2441 houra of hot taatlng. 
Cyclic durability for the ceramic ona-placa atator waa damonatratad to 
be In axcaaa of 500 houra, accumulating orar 28,850 thermal cyclaa. 
Ceramic Intarfaca forcaa wara found to be the algnlflcant factor in 
limiting atator life rather than the acatter In material atrangth pro- 
partlaa or the variation In component dafacta encountered. 
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SUMMARY 


Introduction 


This Is ths final report on two sagnents of tha DOE/MASA Ford 
prograa antltlad "Eraluatlon of Caranlcs for Stator Applications In 
Gas Turbina Englnas". Tha program ancompassad four taskst 1) 
Rallablllty Prediction, 2) Material Property Characterisation, 3) 
Stator lubrication, and 4) Cerasilc Stator ETaluatlon. Tha test com* 
ponant was a ona~placa cerasilc stator designed for tha Ford Modal 820 
Gas Turbine Engine. This report cowers the stator fabrication and 
evaluation tasks. A final report on the first two tasks was published 
In 1980 [1). 

Objectives 

The overall prograe objectives ware tot 

1. Assess the capability for reliability prediction of ceraelc 

coBipements subjected to slisulated autoeotlve duty cycle 

conditions. 

2. Assess the ceraelc Industry capability for fabricating near 
net shape coeponents. 

3. Evaluate current ceraelc materials for use ss stators In an 

automotive turbine under cyclic tempera ture conditions up to 

1371*C (2500*F). 

The program goal was to democ=tzace 500 hours of duty cycle 
durability. 

Accomplishments 

The materials selected for the ceramic stator fabrication were 
silicon nitride and slllcot carbide which had the capability of 
operating at least to 1204*C (2200*F) with potential for use at 1371*C 
(2500*F). Four ceramic component suppliers participated In the 
program, providing stators of silicon nitride and silicon carbide 
materials using the slip casting and Injection molding processes 
(Table 1, Page 7). The stator design was an axial turbine stator as 
shown In Figure 1, Page 6. 

All four participants successfully fabricated stators with net 
shape air foil surfaces. Stator quality and condition were documented 
by dimensional, visual, radiographic and fluorescent dye penetrant 
techniques before finish machining. Stators were successfully 
machined to final dimensions normally required for engine Installa- 
tion. Diamond grinding wheels were used, employing conventional 
machining techniques such as OD and ID grinding and flat face 
machining. The only special processing involved a water soak to 
remove residual grinding fluid from the Interconnected porosity In the 
silicon nitride stators. 


A high tempera tura test rig was modified end automated to accura- 
tely reproduce duty cycles representative of automotive turbine engine 
operation. Previously developed test rigs were used to conduct preli- 
minary screening tests to qualify stators for durability evaluation. 

The durability evaluation was conducted using a transient duty 
cycle typical of automotive applications. Stators from all four par- 
ticipants wars evaluated using a duty cycle consisting of one-minute 
thermal cycles with temperatures ranging from 704 to 1204*C (1300 to 
2200*P) as shown In Figure 14, Page 28. Additional testing was then 
conducted on stators considered to be capable of operation to 1371*C 
(2S00*F). Essentially the same type of duty cycle was used, but with 
all temperatures raised by 167*C (300*F). 

Durability evaluation at the 1204*C (2200*F) level was conducted 
on 23 stators, with 514 hours successfully accumulated on one stator 
(Table 11, Page 40). Six stators of three different types were eva- 
luated at the higher temperature level of 1371*C (2500*F). Over 150 
hours durability was achieved on both silicon nitride and silicon car- 
bide stators at the hlghei temperature level. Upon completion of the 
durability test phase, supplemental testing was conducted In which 
complete cool downs were made between hot cyclic tests, conditions 
typical of passenger car operation. Four silicon carbide stators were 
tested. Interfacing with silicon nitride flowpeth components, without 
any failures. Altogether over 2400 hours of durability testing were 
completed accumulating over 135,500 cycles In the eutomated test rig. 

A simple vane bend test technique was used to generate com- 
parative strength data for stators with and without durability time. 
No strength degradation was evident on any of the stator materials. 

Conclusions 


One-piece ceramic stators can be fabricated from silicon nitride 
and silicon carbide materials using either the slip casting or Injec- 
tion molding processes. Airfoil surfaces can be produced which 
require no machining. With additional tooling and process develop- 
ment, components such as stators could be produced which require mini- 
mal, relatively simple machining such as OD and ID grinding, flat face 
machining and. If necessary, radluslng of comers. Production of low 
cost near-net- shape, one-piece stators seems achievable. 

Ceramic stators can operate successfully under the highly tran- 
sient thermal cycling conditions typical of a passenger car turbine 
engine application. Both silicon nitride and silicon carbide 
materials can be used for stators where maximum turbine Inlet tem- 
peratures reach 1371*C (2500*F). Stator failures rnr. durability test 
resulted primarily from time dependent ceramic Interfece surface reac- 
tions affecting Interface friction. A complete Investigation of cera- 
mic Interface phenomena and development of successful Interfaces was 
clearly beyond the scope of this program. However, It was shown that 
the effects of Interface friction could be mltlgeted by frequent 
disassembly during an Initial "break in" period. 
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Fabrication and proeaaalng tachnologlaa uaad In producing coaplax 
shapad conponanta raqulra additional daralopnant In order to taka full 
adrantaga of caraalc matarlal atrangth propartlaa. Valbull itatlatl- 
cal band atrangth data obtained fron almpla taat bara had laaa acattar 
than conparabla band atrangth data obtained on the more eonplax ahapad 
atatora. 

Racomanda tlona 


Invaatlgatlona ahould be conducted to axtanalraly explore the 
Interface problem. Such an Invaatlgatlva program ahould ancompaaa 
atudlaa of aurfaea chamlatry. Interaction of dlaalmllar matarlala and 
friction maaauramanta under carefully controlled ataady atata and 
tranalent condl tlona. The teat rig and procedurea uaad in thla 
program are Ideal for thla purpoae. 

Work ahould alao be continued to derelop component fabrication 
technology. Although Impreaalre atrangtha have bean demonatratad for 
ceramic matarlala, the need to duplicate theae propertlea throughout 
large numbera of complex ahapad parta a till exiata. 
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INTRODUCTION 


Ford Motor Company aUrtad raaaarch on tha uaa of brittle 
materials In gas turbine engines In 1961 when development was Inl- 
tlatad on a caramlc regenarator system for gas turbine engines. In 
1967, work on high temperature turbine research was started along with 
Initial design Investigations of an axperlmental high temperature gas 
turbine engine, designated Model 820. 

By the end of 1970, based on design studies and experimental 
research. It was decided to concentrate research and development cm an 
all-ceramic flowpath rathar than on using an air-cooled metal turbine 
wheel. Since 1971 government funding has helped to accelerate the 
development of such ceramic turbine technology. Progresa on these 
programs has generatad conslderabla Interest In the technical com- 
munity and has stimulated the establishment of activities In ceramic 
material and process development and In ceramic turbine components and 
engine development on a worldwide basis. 

Of particular Interest are the areas of ceramic structural com- 
ponent technology Including: 

.Designing with ceramics 

.Ceramic material and process development 

.Ceramic test rig development 

.Ceramic component testing methodology 

.Reliability prediction and failure analysis 

As a step In technology progression, the United States Department 
of Energy (through NASA-Lewls) Initiated a program In January, 1978, 
which would provide an assessment of the capability of the ceramics 
Industry to fabricate ceramic one-piece stators having the quality and 
structural integrity required for automotive turbine engine applica- 
tions . 

Ceramic stators of the Ford Model 820 turbine engine design were 
selected for this program. This stator was considered to be represen- 
tative of size and design required for automotive turbine engines. 
Prior experience existed In fabricating silicon nitride and silicon 
carbide stators of this drslgri, rig and engine tests had been con- 
ducted with these components and the facilities were In place for 
further testing under realistic gas turbine engine conditions. 

The work to be accomplished under the program, "Evaluation of 
Ceramics for Stator Applications - Cas Turbine Engines," was divided 
into four technical tasks that included development of a reliability 
prediction model for ceramic stators, fabrication of ceramic stators, 
material property characterization, and simulated engine duty cycle 
testing of the stators. 

This report presents the work performed on two tasks - stator 
fabrication and stator evaluation. 
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STATOR FABRICATION 

OBJECTIVES 

Tha main objactlva of tha fabrication affort vaa to aaaaaa tha 
caramle Industry' a capability for fabricating ona*piaca caranic gas 
turbina stators from currant matarials using naar«nat-shapa pro- 
cassing. Tha stator daaign was to ba raprasantatira of an automotira 
gas turbina angina. Matarials chosan trara to ba capabla of oparation 
at tamparaturas up to 1204*C (2200*F) with potantial for 1371*C 

(2S00*F) usa. Naar*nat*shapa procassas chosan must hara potantial for 
low cost production. The stators produced would subsaquantly ba dura- 
bility tastad under conditions raprasantatire of an autonotire turbine 
angina. 

Another objactlva was to produce a supply of physical property 
samples for usa in characterising tha matarials. Test samples ware to 
ba raprasantativa of both the matarials salacted and tha fabrication 
process used for the stators. 

APPROACH 

Tha stator design salacted was that of tha Ford Modal 820, axial 
flow, automotive gas turbine angina which was concurrently being used 
as tha test bad under a government sponsored Brittle Matarials 
Design, High Tempera ture Gas Turbina program [2]. The stator design 
featured ona-piaca construction with twenty-five vanes and an 
integral, segmented inner shroud. Soma nominal dimensions and tha 
general configuration are shown in Figure 1. 

Organisations selected for tha fabrication effort included the 
Ford Motor Company and three ceramic component suppliars, AiRasearch 
Casting Company (ACC), the Carborundum Company (CBO) and Norton 
Company. Each participant was contracted to supply a minimum of 
twelve stators for evaluation. Tha matarial/procass combination for 
each supplier is outlined in Table 1. Thus tha assessment included 
silicon carbide (SiC) and silicon nitride (Si 3 N 4 ) matarials and two 
nt. r-nat-shapa fabrication processes: slip casting and injection 

molding. Except for the Norton stators, all machining of stator 
castings was Ford's responsibility. 

Responsibility for the necessary tooling remained with each ven- 
dor. Mowever, an existing Ford injection molding tool was used to 
make i.ax patterns for the slip casting efforts (ACC and Norton). 
Small shrinkages were anticipated and were addressed in the casting 
tooling by adding enough material to insure adequate cleanup stock on 
machined surfaces. A new molding tool was procurred by Carborundum 
since approximately 17% shrinkage was anticipated from molded to sin- 
tered parts. 

All stators submitted were accepted as being representative of 
the material/process/supplier capabilities. Stators were given 
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TABLE 1 

STATOR FABRICATION 


or<::- . , ...i rs 

OF POOR QUALH-Y 


FARTiaPANTt 


MATIMALS 


AMIMAIICN 

CAfWOllUNDUM 

RMIO 

NORTON 


RIACTION RONOtO «,N, 
«NTlRIOa«C 
RtiACnON RONOIO tl,N« 
RIACTION tlNTIRID IIC 


•URCAtTINO 

Huccnoi: koloinq 
INJICnON MOUNNO 
•UR CAITINO 


‘'•■•Ttcalrad** Inspactiona conslstinc of dlaMnsional» rlsual» x-ray and 
fluoraacont dya panatrant (on SIC only). Irragularitiaa obaarrad wara 
docuaantad primarily for uaa In datamlnlut thalr Influanea ahould any 
falluras occur during tha durability araluatlon. Vhara machining of 
randor parta waa Ford raaponalblllty» an additional poat machining 
inapaction waa alao parfonnad. 

Tha typaa of matarial proparty apacimana contractad for ara liatad 
in. Tabla 2 and a typical aat of aao^)loa ia ahown in Figure 2. 
Spacif icatlona for tha modulua of ruptura (NOR) bara raquirad that at 
laaet ona faca ba unawchinad and rapraaantatira of tha aurfaca finiah 
normally produced by tha fabrication proceaa uaad. Thua band atrangth 
data could ba generated uaing tha "aa-procaaaad" aurfaca in tanaion. 


TABLE 2 

MATERIAL PROPERTY SPECIMENS 


SRICIMIN NOMINAL MZl QUANTITY 
NAMI MM (INCHIt) RIQUIRID 


MOR BAR 

X M X 31.1 


(0.12 X 0.28 X 1.28) 

THIRMAL 

1.0 X 14.3 DIA 

DIRRUSIVITY 

(0.04 X 0.80 DIA) 

•RfCIRIC 

8.4X 8w4x78.2 

HIAT 

(0.28 X 0.28 X 3.0) 

SONIC 

3.2 X 28.4 X 101.8 

MODULUS 

(0.12 X 1.0 X 4.0) 

THIRMAL 

0.4X0.4X80.8 

DCRANSION' 

(0.28 X 0.28 X 2.0) 

SILLIT* 

7.0 X 28J X 102.4 


(0.28 X 1.02 X 4.03) 


900 

S 

19 

10 


18 


* MAOi nioM amianc hiat aAMmuia attin amionc niat 

■VALUATION. 

* MACHINfO TO lUKl PNVtlCAL PNOaCRTV aMOMtlta. ONLY 

MOUNiio niOM MNnctPAirra umno injiction notomo 

■AMHCATION ANOCiaa. 


SPECIFIC HEAT SPECIMEN 



THERMAL EXPANSION SPECIMEN 



MOR SPECIMEN 



THERMAL DIFFUSIVITY SPECIMEN 



' ’ .i.ii'i. Mil iiii,iiii|;'i/.i II ii; III I , 

k * ‘ *•. *1 *1 ll ■ H M It 12 U 1^, !• 


1 ^ — r 


Set of Typical Material Property Samples Used for 
Material Characterization 
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Figure 2 








ORIGfMAL PAGE fS 


OF POOR QUALITY 

Machining of the physical property specimens from the large Injectlcti 
molded billets of the Carborundum and Ford materials was the respon- 
sibility of Ford. All other physical property samples were to be 
delivered fully machined. 


Additional ceramic support hardware was furnished by Ford to 
maintain the test rigs used in the stator evaluation task. The 
materials and designs for these components wure those which had 
demonstrated reasonable reliability under earlier Ford/govemment 
programs. 

AIRESEARCH CASTING CO. (ACC) - SLIP CAST SILICON NITRIDE 

Stators and physical property samples were fabricated by ACC of 
Airceram RBN-101, a reaction bonded silicon nitride with a nominal 
density of 2.7 g/cc. Wax patterns were fabricated using the Ford sta- 
tor tool and water soluble wax material supplied by ACC. In total, 82 
wax patterns were made. A typical wax pattern is shown in Figure 3 
and a typical nitrided stator casting is shown in Figure 4. Although 
a continuous pour ring was used for the inner shroud, the ring 
"bridged" adjacent segments and thus produced the castings with the 
segmented inner shroud (Figure 4c). 



Figure 3 Wax Pattern for ACC Slip Casting Made From Ford 

Model 820 Stator Injection Molding Tool 
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(a) 



(b> (c' 

Fliiure A AlR«!*«'*rch Nltrliled Stator Caatlng: (a> LendlnR 

E.Iri* Vl^w. (b) and (c) Airfoil Cast Surface Petall 


I 
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The typlc&l nltrlded cestlng delivered for machining weighed 
approximately 250 gramsy compared to approximately 100 grama for a 
finished machined stator. The greatest portion of this excess weight 
was contained In the pour ring and outside diameter reservoir. No 
attempt was made to minimise the excess stock since It was all on sur- 
faces which required machining for the finished part. 

In total ACC delivered twelve castings (eleven were cast with the 
leading edge up) and a complete set of NOR bars and physical property 
specimens. All NOR bars were delivered with as-cast surfaces. 
Physical property samples were delivered fully machined. 

CARBORUNDUM - INJECTION MOLDED SILICON CARBIDE 

The Carborundum Company fabricated stators, MOR bars and billets 
for physical property samples of their a phase SIC material using the 
Injection moldlng/slnterlng process. 

The Initial stator tool design featured continuous Inner and 
outer shrouds, an Integral MOR bar cavity and single point gating 
through the Inner shroud, as shown In Figure 5a. Good quality 
moldings were obtained; however, problems were encountered In sub- 
sequent processing steps. Sintering of stators without the slotted 
Inner shroud usually resulted in cracks In at least one of the 
shrouds. Attempts by Carborundum to machine slots before sintering 
were only marginally successful. 

An Interim tool modification with Integral slots and diaphragm 
gating through each of the Inner shroud segments proved unsuccessful. 
Multiple knit lines were produced In the outer shroud, resulting In 
frequent knit line cracks after sintering. 

A redesign and rework of the tool was then completed which Incor- 
porated Inserts for molding in the slots and a diaphragm gate through 
the outer shroud. Figure 5b Is an Illustration of a typical as- 
molded stator mtede in the redesigned tool. All stators delivered by 
Carborundum were fabricated with this configuration. A typical stator 
is shown In Figure 6. 

Carborundum delivered twelve sintered stators, 300 unmachlned MOR 
bars and IS billets for machining them Into the physical property 
samples . 

FORD-INJECTION MOLDED SILICON NITRIDE 

Ford fabricated stators, MOR bars and billets for the physical 
property samples of a nominal 2.7 g/cc density reaction bonded silicon 
nitride material using the Injection molding process. Tooling used 
was from an earlier Ford/govemment program [2]. The tool included 
cavities for two MOR bars, Integral Inserts for Inner shroud slots and 
single point gating at the outer shroud. 


-n- 








Carborundum vSlntered Stator Casting; (a) Leading 
Edge View, (b) and (c) Airfoil Surface Detail 



In order to heve an adequate supply of MOR bars (300 were 
required for the materials characterization effort) a total of 223 
stator shots (with 2 test bars per shot) were made. Twenty-nine sta- 
tors were submitted for machining. Of these, 19 were candidates for 
the durability evaluation and the remainder designated for use during 
development of durability test rig control system. A typical nitrlded 
stator before finish machining Is shown In Figure 7. 

A new tool was designed and fabricated for molding the billets 
needed for the physical property samples. The tool Is shown In Figure 
8. A total of 42 billets were molded, nitrlded and submitted as can- 
didates for machining. 

NORTON-SLIP CAST SILICON CARBIDE 

Norton fabricated stators, NOR bars and physical property samples 
of Norallde NC-433 reaction sintered silicon carbide material using 
the slip casting process. Wax patterns were produced for Norton using 
the Ford 820 stator tool and pattern materials supplied by Norton. 

Initially 70 patterns were produced (35 from each of two dif- 
ferent wax materials). A second batch of 50 patterns was produced (25 
of each material), however, because of inadequate packaging and 
shipping procedures this group of patterns were distorted and rendered 
unusable. 

Norton fabricated, machined and delivered 7 stators for eva- 
luation made from the first lot of patterns as well as a complete set 
of MOR bars and physical property samples. A typical fully machined 
stator Is shown In Figure 9. 

INSPECTION OF AS -RECEIVED COMPONENTS 

All stators received from outside vendors were processed through 
several non-destructive evaluation (NDE) processes prior to machining 
or testing. The 19 Ford stators submitted as durability candidates 
were processed through the same NDE steps when In the nitrlded but 
unmachlned stage of fabrication. 

The NDE tests provided data for documenting the stator condition 
and was not Intended as criteria for acc-ptance or rejection. These 
tests and documentation consisted of: 

.Overall view photographs 

.Dimensional checks for machlnablllty 

.Radiographic Inspection of vanes 

.Fluorescent dye penetrant Inspec'-lon 

All 50 stators Inspected had some type of anomolous Indication. 
In many cases the number of Indications was considerable and too 
numerous to present In detail. Since the significance of the 
"defects" would not be determined until the test phase of the program, 
the approach used was to record all observations. The results of each 
Inspection were marked on separate traveler sheets. 
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Figure 8 Tool for Injection Molding Physical Property Sample 

Billets 


Specific examples of typical Indication will be presented later 
In the durability evaluation section. The examples will Include 
Indications having no Influence on stator performance, observed Indi- 
cations contributing to failure, and flaws contributing to failure 
which were not previously observed. The following sections describe 
the general nature of NDE test results for as-received stators. 

Dimensional Inspections 

The ACC, Ford and Norton fabrication efforts had a common dimen- 
sional base as the starting point which was the cavity In the Ford 
Injection molding tool. However, since the processes diverged from 
that point some variability In finished component dimensions was anti- 
cipated. For the Carborundum effort the tool cavity dimensions were 
based on the best estimate of shrinkage (17%) to yield the desired 
sintered casting dimensions. Some margin for error from the original 
shrinkage estimate could be accommodated by adjusting the size of 
mating components In the hot flowpath. 
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Figure 9 


Norton Finish Machined Stator: (a) Leading Edge 

View. (b) and (c) Airfoil Surface Detail 



The critical dimensions for the as-received stators included: 


. Outer shroud outside diameter - to insure full circumferential 
clean up at a finish diameter of 124.54 mm (4.903 inches). 

. Outer shroud inside diameter and roundness - to insure adequate 
shroud radial thickness and uniformity. 

. Inner shroud outside diameter - to insure adequate radial 
thickness when inside diameter finished to 74.42 mm (2.930 
inches) to fit over the nose cone bell. 

A summary of the machinablllty inspections is presented in Table 
3. Of the 50 stators submitted only 3 were considered as Impractical 
for finish machining for durability evaluation. Seven of the 
Carborundum stators would be machinable for test with minor modifica- 
tions of the finish machined stator dimensions and rework of the nose 
cone. The modifications are discussed further in the Durability 
Evaluation section. 


TABLE 3 

CHECK FOR MACHINABILITY 
AS-RECEIVED STATORS 


VENDOR QTY. OF STATORS 


COMMENTS 


ACC 

CBO 


FORD 

NORTON 


12 OK FOR STANDARD CONFIGURATION 

2 OK FOR STANDARD OR MODIFIED 
CONFIGURATION 

7 OK FOR MODIFIED CONFIGURATION 

3 OUT-OF-ROUND 3.302/3.7SS mm(U.130/0.14S Inches) 
WITHHELD FROM MACHINING FOR DURABILITY 
TEST. 

IS OK FOR STANDARD CONFIGURATION 

7 MACHINED AS RECEIVED 

OK FOR STANDARD CONFIGURATION 


Measurements of the outer shroud inside diameters for tl i ACC, 
Ford and Norton stators also provided some information relative to the 
shrinkages associated with the respective materials/processes. Using 
a known tool dimension of 118.89 mm (4.680 inches) for the outer 
shroud inside diameter and measurements of actual stator dimensions, 
shrinkage could be calculated. The process shrinkages data is shown 
in Table 4. The shrinkage values represent the percentage change in 
diameter for the total process: from the tool cavity dimension, to 
molded part or wax pattern, to unmachlned net shape surface dimension. 
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TABLE 4 

PROCESS SHRINKAGE 


ORldNAL pAGf. K 
OF POOR 


tTARTINQ 

OUnil SHROUD OIMIN8ION AVIRAOE 

INSIDl DIAMinR (TOOL CAVITY) IHRIMKAQE 


AVERAGE RANGE 


ACC 

117.S7 

117.04-117Jt 

(4.t0t-4.t2t) 

110J7 

(4.000) 

1.37% 

FORD 

iit.tr 

(4.tt0) 

11t.7S-11t.02 

(4.074-4.000) 



0.00% 

NORTON 

117.40 

(4.t22) 

117.00*117.00 

(4.010-4.000) 



1.24% 


DIMENSIONS IN mm A (InehM) 


Radiographic Inspection 

All stators were radiographically Inspected as received. X-rays 
were taken In the axial direction only and with the exposure Intensity 
adjusted to reveal Indications In the vanes. Only 12 of the 50 sta- 
tors Inspected had no Indications. Voids were observed In stators 
from all four participants while Inclusions were only observed In Ford 
stators. 

Table 5 summarizes the general observations. Most voids were 
circular In nature and appeared randomly In the vanes except for the 
ACC stators where void Indications generally appeared near the vane 
leading or trailing edges. 

Visual Inspection 

Visual Inspections of as-received stators were primarily directed 
toward Identification of Irregularities on surfaces which would remain 
unmachlned. Microscopic examination of unmachlned surfaces at lOX 
Invariably reveals some type of abnormal surface condition. However, 
the significance of the observed "flaw" cannot easily be Judged. The 
microscopic Inspections were therefore conducted on the basis of Iden- 
tifying all Irregularities and recording the observations with a code 
describing the nature of the obser'atlon. In addition the areas of 
Irregularities were marked dlrectlr on the stator with a ceramic 
marking pencil. Since visual observations are subject to Individual 
Interpretation, only one inspector was used for all the stators. 

Table 6 summarizes the relative frequency and type of Irregulari- 
ties observed. For the Norton stators, the combination of dark color 
and rough surface texture made visual Inspection extremely difficult. 


TABLE !> 

RADIOGRAPHIC INSPECTION 3UMK0ARY 
AS-RECEIVED STATORS 


4 


VENDOR 

ACC 

CBO 

FORD 

NORTON 


VENDOR 

ACC 

CBO 

FORD 

NORTON 



QTY. 

INSPECTED 


QTY. W/NO 

INDICATIONS DESCRIPTION OF OBSERVATIONS 


7 


12 


19 


7 


0 7-1S INDICATIONS PER STATOR 

PRIMARILY VOIDS AT VANE LE S TE 
aRCULAR*.400>1000 uDIA. 

UNEAR: 1000-2800 fL 

2 1-10 INDICATIONS OF CIRCULAR VOIDS 

PER STATOR RANDOMLY LOCATED 
210-400/i.DIA. 

8 1-2 INDICATIONS PER STATOR SOME 

VOIDS BUT PRIMARILY INCLUSIONS, 
RANDOMLY LOCATED 
CIRCULAR VOIDS: 280-400 /i.DI A 
INCLUSIONS: 280 /i 01 A CIRCULAR 
S 180X780/i.UNEAR 

4 1-9 INDICATIONS PER STATOR 

RANDOMLY LOCATED PRIMARILY 
CIRCULAR VOIDS: 280-1000/i.DIA 


LE - LEADING EDGE 
TE - TRAILING EDGE 


TABLE 6 

VISUAL INSPECTION SUMMARY 
AS-RECEIVED STATORS 


TYPE OF OBSERVATION COMMENTS/LOCATION 


FLOW/FOLO UNES 

VOIDS/PITS 
FLOW/FOLD UNES 
CRACKS 
CHIPS 

FLOW/FOLD LINES 
VOIDS (TEAR OUT) 


VANE LEANDTE 

USUALLY WITHIN AS mm (1/4 InchM) OF 
OUTER SHROUD 

VANE LEANDTE 

VANE TE/OUTER SHROUD JUNCTION 
VANE TE 

RANDOM LOCATION 

VANE TE AND VANE SURFACES 

FILLET-VANE TO OUTER SHROUD AND AT 
INLET GATE 


VERY FEW INDICATIONS, ROUGH SURFACE TEXTURE. 


LE • LEADING EDGE 
TE • TRAILING EDGE 
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Zyglo Inspection 


Zyglo (fluorescent dye penetrant) Inspection was conducted on the 
SIC (Carborundum and Norton) sUtors. Previous experience with RBSN 
components Indicated that the surface porosity retained enough of the 
dye penetrant to mask any but the moat obvious cracks. Zyglo Inspec- 
tion was found to be especially useful on the Norton stators where 
simple visual Inspection was Inadequate. 

A summary of the Inspection results Is presented In Table 7. 
Black light photographs were used to document those Indications Judged 
to be most significant. 


TABLE 7 

ZYGLO INSPECTION SUMMARY 
AS-RECEIVED STATORS 


VENDOR TYPE OF INDICATION COMMENT/LOCATION 


CBO 


NORTON 


UNEAR 


POROSITY 


LINEAR 


POROSITY 


VANE TO OUTER SHROUD 
FILLET, LE A TE 

VANE SURFACE (POSSIBLY FLOW UNE) 

ALONG TOOL PARTING UNE ON ID 

OF OUTER SHROUD 

INNER SHROUD FACES NEAR SLOTS 

VANE TO OUTER SHROUD 
FILLET, LE A TE 

OUTER SHROUD, RANDOM (ID, OD, 
FACES) 

OUTER SHROUD, LE FACE 


LE - LEADING EDGE 
TE • TRAiUNG EDGE 


MACHINING AND PRE-OXIDATION 

Machining of ACC, Carborundum and Ford stators was performed 
using diamond grinding wheels of 220-320 grit with flood cooling using 
water soluble coolants. ACC and Ford stators were given a post 
machining pre-oxlda tlon heat treatment; each vendor treating their own 
stators. The pre-oxlda tlon heat treatment was Included In the SI 3 N 4 
stator fabrication processes since It had been shown to be effective 
In reducing the oxidation rate of this material [3,4]. Previous 
engine simulator rig teats at Ford had shown that stators were likely 
to fall when the oxidation weight gain reached 17. [2]. In most cases 
the 17. weight gain of untreated stators occurred In less than 2 C 0 
hours at 1054*C (1930*F). 
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A special fixture (Figure 10) was used for the first machining 
setup. Wax was used to bond the stator shrouds to the fixture and for 
filling the slots In the Inner shroud. The stator OD, ID and one face 
of each shroud were machined with this setup. Conventional techniques 
and setups were used for the remainder of the machining. The wax 
filler In the Inner shroud slots was present during any Inner shroud 
grinding. Of the Carborundum stators two were broken during machining 
due to operator error, and a large void was uncovered In the outer 
shroud of a third stator. All ACC and Ford stators were machined 
without Incident. 

The first group of 6 Ford stators processed throuijh the pre>oxlda 
tlon treatment developed an unusually heavy glassy coating. This was 
attributed to sodium nitrite contained In the grinding coolant fluid. 
Careful washing of the remaining stators with distilled water and 
thorough drying before pre-oxlda tlon eliminated the problem. All ACC 
stators were given the same cleaning and drying treatment before 
returning to ACC for their pre-oxlda tlon processing. 




CERAMIC SUPPORT HARDWARE 


The typical ceramic support hardware used In the durability test 
rig Is shown In Figures 11 and 12. All the structural ceramic com- 
ponents were procured through outside ceramic suppliers while the 
majority of the ceramic hot flowpath components were fabricated by 
Ford from reaction bonded SI 3 N 4 . The specific materials and sources 
used for each component are presented In Table 8 . The need for the 
special adaptor rings developed during the test phase of the program, 
and these were fabricated from extra stator castings supplied by 
Carborundum. 

DISCUSSION 

The primary objectives of the fabrication effort were to assess 
the ceramic Industry's capability to fabricate one-piece ceramic sta- 
tors using near-net-shape processes, and to obtain stators for durabi- 
lity testing. The success of all four participants clearly 
demonstrates the capability for fabricating complex components from 
two processes, slip casting and Injection molding. Good airfoil con- 
tours and surfaces, requiring no machining, were produced from SI 3 N 4 
and SIC materials. Although fairly extensive diamond grinding was 
required to remove excess stock off the shrouds, with some additional 
process and tooling changes. It Is anticipated that the excess stock 
could be minimized. If this step Is successful, stators could then be 
fabricated requiring minimal, relatively simple machining such as OD 
and ID grinding, flat face machining and. If necessary, radluslng of 
comers. Production of low cost near-net-shape stators seems 
achievable. 

The NDE procedures used In conjunction with the fabrication 
effort clearly could Identify numerous imperfections, both surface and 
Internal. Emphasis was placed on Identifying as many "flaws" as 
possible. In addition, as more sophisticated techniques are developed 
and applied the number of indications would likely be Increased. 

Past experience has shown that, for a given ceramic component, 
certain fabrication Imperfections can be tolerated without Impairing 
Its Intended function. As such, NDE can be coupled with component 
evaluation at design operating conditions. Then, as successes are 
achieved (or failures analyzed) the relevance of the NDE observations 
can be assessed. The end product can then be Improved by providing 
direction foi developing appropriate accept/reject criteria. Improving 
the NDE detectability in critical areas, or altering the processing or 
design to allow the "flaws" to be moved to non-crltlcal areas. 
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TABLE 8 

CERAMIC SUPPORT HARDWARE 
DURABILITY TEST RIQ 


PART NAME 


MATERIAL SOURCE 


STRUCTURAL CERAMIC COMPONENTS 


ADAPTOR TUBE 

CENTERING/ 
INSULATOR DISC 


EXHAUST UNER 
(ELBOW, TUBES* 
RINGS) 


REPEL SIC 

UTHIUM ALUMINA 
SILICATE (S48S) 

CRVSTAR SIC 


PURE CARBON CO 

CORNING GLASS 
WORKS 

NORTON CO. 


HOT FLOWPATH COMPONENTS 


NOSE CONE 


CENTERING 

RINGS 

TIP SHROUDS 

ADAPTOR 

RINGS 


«,N. 

FORD (ln|«ctlon moldsd) 

8LN. 

BSA GROUP RES. CEN. 

»LN. 

FORD (tUpcMl) 

SI,N. 

FORD (Nip cast) 

a SIC 

CBO 
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STATOR EVALUATION 


OBJECTIVES 

The primary objective of the stator evaluation effort was to 
assess the durability of the one-piece ceramic stators when subjected 
to cyclic operating conditions representative of automotive turbine 
engines. The goal was to demonstate 500 hours of life for a one-piece 
ceramic stator. 

The durability evaluation was to be conducted In two phases 
representing two levels of engine operation. The first phase con- 
sisted of 1,600 hours of testing under a duty cycle having a maximum 
temperature of 1204*C (2200“F). Stators from all four suppliers would 
be evaluated. In the second phase 300 hours of testing would be accu- 
mulated under a duty cycle with a maximum temperature of 1371*C 
(2500*F). Only those stators made from materials considered to have 
potential use as automotive turbine components at this elevated tem- 
perature would be tested In this phuse. 

Stator durability would be assessed In terms of Integrity, dimen- 
sional stability and weight gain. 

APPROACH 

The durability evaluation was conducted In the Ford Hot Flowpath 
Test Rig (HFTR), originally designed for steady state, high tem- 
perature testing of turbine components [5]. Duty cycles were deve- 
loped based on predicted passenger car turbine engine usage, and 
Included airflow and temperature variations. An automatic, closed 
loop control system was developed for the HFTR to accurately reproduce 
the duty cycle for all the stator evaluations. All stators selected 
for duty cycle evaluation were subjected to preliminary qualification 
tests. Cyclic testing was conducted on 23 stators at the lower tem- 
perature and 6 at the higher .temperature, accumulating over 2,400 
total hot test hours and over 135,500 thermal cycles. 

Durability Test Rig 

The Ford Hot Flowpath Test Rig (HFTR) which was used as the dura- 
bility test rig Is shown In cross section In Figure 13. It was 
designed to test turbine stationary hot flowpath components at tem- 
peratures up to 1371*C (2500“F). The rig consists of a stainless 
steel shell and Inner ceramic flowpath separated by high temperature 
Insulation. Pre-heated compressed air is delivered to the plenum and 
combustor at temperatures up to 593*C (1100*F) from the test facility. 
Combustor exit temperture Is controlled by metering fuel flow and 
monitored by three thermocouples. Airflow Is metered by a sharp edge 
orifice and adjusted via a series of valves. Test components are 
housed In the adaptor tube Immediately downstream of the metal turbine 
combustor. The hot gases are cooled by water spray before dumping 
into the cell exhaust system, A view port Is provided for visual 
observation of the test components. 
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Figure 13 Schematic Cross Section of Durability Test Rig 


Durability Duty Cycles 

As mentioned earlier, the duty cycles were based on predicted 
passenger car turbine engine usage and were developed for two levels 
of engine operation. Because of the complex, highly transient nature 
of the overall cycle, only the lower, 1204“C (2200“F) temperature 
cycle will be described in detail. For the 1371"C (2500®F) cycle the 
time intervals remain the same and only the levels of airflow and tem- 
perture are changed. 

The basic four-hour cycle (Figure 14), consists of a series of 
one-minute thermal cycles. Three different airflow rates are used 
with a different peak turbine inlet temperature for each airflow. The 
first hour consists of 40 one-minute cycles from 704®C (1300"F) to 
1121®C (2050"F) at an airflow of 0.32 Kg/sec. (0.70 lbs. /sec.) and 20 
one-minute cycles from 704®C to 1177®C (2150"F) at an airflow of 0.41 
Kg/sec. (0.93 lbs. /sec.). This is repeated for the second and third 
hours of the cycle. 
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The fourth hour Is different from the first three and consists of 
29 and 14 one-minute cycles, respectively, at the same conditions 
noted earlier plus 17 one-minute cycles at the maximum conditions 
varying from 704*C to 1204®C (2200"F) at an airflow of 0.64 Kg/sec. 
(1.40 lbs. /sec.). This basic four-hour segment Is then repeated over 
and over again to accumulate the durability objective. Note that each 
Individual one-minute cycle features a very rapid temperature Increase 
from 704*C to the maximum temperature desired, a 40-second hold at 
that temperature, a sharp temperature drop to 927*C (1700”F) and a 
slow temperature decrease to the 704*C starting point. 

For the 1371*C (2500“F) cycle the airflow and temperature levels 

are: 


Air Flows 
Kg/sec (Ibs/sec) 


Tempera tures 
»C (»F) 


0.31(0.68) 


871-1288-1093-871 

(1600-2350-2000-1600) 


0.40(0.88) 


871-1343-1093-871 

(1600-2450-2000-1600) 


0.50(1.1) 


871-1371-1093-871 
( 1600-2500-2000-1600) 



1:00 2:00 3:00 4:00 

•nilE- HOURS 


Figure 14 Durability Duty Cycle 
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Mg Autonm tlon 


Th« t««t rig w«B originally daalgnad for manual ataady atata 
opartlon. In ordar to Inaura that all atatora avaluatad ha aub^ctad 
to tha aaaa cyclic condltlona, an automatic control ayatam waa dava- 
lopad. Tha ayatam waa daalgnad to oparata cloaad loop on tamparatura 
and airflow. Safoty monitoring functlona wara Includad which would 
autoBiatlcally shut down tha rig fual and airflow In tha avant of a 
malfunction which could Jaopardlia tha taat. Tha ayatam waa daalgnad 
to a tart or atop tha taat at any of tha 240 Individual eye la polnta. 
or to pra-aalact aavaral rapaata of tha haalc four-hour cycla. Tha 
rig would thus ha capabla of running around- tha-c lock without Input 
from tha oparator. 

Qualification Tasta/Mga 

Plnlahad machlnad atatora wara aubjactad to qualification taata 
prior to avaluatlon on tha durability cycla. Such taata had baan 
found uaaful In scraanlng out dafactlva parts and tharaby Incraaalng 
tha ra I lability of parta sa lac tod to run undar angina oparatlng con- 
dltlona. Avallabla taat flxturaa and rigs wara usad. Tha qualifica- 
tion taata plannad wara a Vana Band Taat (VBT), a Shroud Praaauro Taat 
(SPT) and a Llght-off Qualification Taat (L/0 Qual). 

Tha VBT sarvas to acraan out thosa stators having flaws In tha 
critical vana/shroud Junction araa. A slmpla flxtura was usad to 
axially load tha stator vana through tha Innar shroud sagmont (Flgura 
ISJ. Tha loading and trailing adgaa and tha back of tha vana ara sub- 
Jactad to tanslla strasa, dapandlng on tha dlractlon of loading. A 
load laval of 8.6 Kg (14 lbs.) had baan davalopad for scraanlng ford 
SI 3 N 4 stators having largo Intarlor flaws or critical loading and 
trailing edge flaws [ 2 ]. 

Tha SPT la Intandad primarily to acraan stators for dafacts In 
tha stator outar shroud. Tha tost flxtura (flgura 16) subjacts tha 
outer shroud to a tanslla tangential strasa by applying an Internal 
hydraulic pressure. Stators ara tasted In tha finish machlnad con- 
dition to Include any detrimental affects due to grinding. Tha Inter- 
nal pressure Is adjustable by a pressure control valve. A pressure 
level which produces 41.4 MPa (6000 psl) tensile strasa In tha shroud 
was usad based on previous experience with Ford SI 3 N 4 stators [2]. 
The final qualification teat Is the L/0 Qual taat In which the stators 
are subjected to 10 simulated angina cold starts. An angina simulator 
rig Is used which consists of tha Ford Modal 820 angina with tha tur- 
bine rotors removed. Stators ara Installed In tha normal first staga 
position. Just downstream of tha nose cone and combustor. Engine 
llght-off spaed 1 s set, and when a light Is detected, angina spaed Is 
ramped to “Idle" conditions while maintaining a combustor exit tem- 
perature of 1094*C (I430*f). Several different hold times are uaed as 
shown in Table 4. When the hold time Is reached, fuel flow Is stopped 
and the engine speed returned to the llght-off point. The thermal 
transients seen bv the stators are shown In Figure P. 
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Figure 15 Stator Vane Bend Test Setup 



Figure 16 Stator Outer Shroud Pressure Test Fixture 

li 
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TABLE 9 

LIQHT-OFF QUALIFICATION TEST 


NUMBER OP 
UQHT 

UQHT-OPP 

TEMPERATURES* 

®C(«P) 

HOLD TIME AT 
1004<^ (1030*P) 
(SECONDS) 

1 

21 (70) 

M 

2-6 

••(HO) 

20 

0-0 

•0(100) 

00 

10 

00(100) 

300 


Total Numbar Of Light- Offa — 10 

Total Tima At Tampacatura— 420 Saeonda 

* Poroad Cooling Uaad latwaan Ughta 
To AcWaaa Thaaa Tamparaturaa 



LIGHT-OFF TRANSIENT 


COOL-DOWN TRANSIENTS 


Figure 17 


Typical Temperature Tranalent 
Qualification Teat 


Llght-Off 


I 
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TEST RIG DEVELOPMENT AND AOTOMATION 


Preparation of the test rig for duty cycle operation centered 
around two major tasks. The first Usk was the development of a com- 
bustor with suitable durability to operate over the full range of 
airflows and temperatures of the duty cycles. The second task was to 
design and develop the control system for fully automatic duty cycle 
operation. 

Combustor Development 

An existing combustor design was available which had been deve- 
loped and demonstrated for hundreds of hours over primarily steady 
running conditions up to 1371*C (2500*F). However, the durability of 
this design under the highly transient conditions of the proposed duty 
cycle was uncertain and therefore of concern since any combustor 
failure during the durability evaluations could result In damage to 
the stators. Since relatively low temperature Incoming air was 

available for combustor veil cooling, Hastelloy X combustors were used 
throughout this program to easily Implement design changes. This 
allowed for the development of a combustor with acceptable transient- 
cycle durability and performance within the lead time associated with 
the control system design, procurement and Installation. 

Slightly different combustor designs evolved for the two duty 
cycles. This resulted mainly from balancing the requirements for good 
lean blow out characteristics at the low temperature of the cycle and 
carbon-free operation at the high temperatures. The first con- 
figuration was developed for the lower temperature cycle by modifying 
the original design by adding appropriate wall cooling. After several 
minor design Iterations a suitable configuration was developed which 
had good lean blow out performance and carbon-free operation over all 
cycle airflows and temperatures. The combustor for the high tem- 
perature cycle was developed by first Increasing the veil cooling air 
and stiffening the walls. This upset both the lean blow out and car- 
bon formation performance. However, by resizing and relocating the 
air entry holes, the air to fuel ratio In the primary (combustion) 
zone was restored to that In the lower temperature configuration and 
acceptable performance was achieved. This high temperature cycle con- 
figuration was found to perform well for the lower temperature cycle 
also, to subsequently become the standard for both duty cycles, 
photographs of the two configurations are shown in Figure 18. 

Rig Automation 


nitra Electronics Incorporated, having an extensive background in 
electronic engine and system controls, was selected to design and 
build the automatic control. The system chosen was their Programmable 
Analog Control (PAC), a hybrid type, with the unique advantage of com- 
puting analog signals directly yet providing digital programmability. 
A software program Is used to define the makeup and nature of the 
control loops Including gains, reference levels, etc. This provided 
improved flexibility ove~ conventional analog controls during system 
development. Experimental loops could be added or modified In a 
matter of minutes or hours compared to days for conventional hand- 
wired circuits. 
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Figure 18 Hastelloy X Combustors Developed for Dursbllitv 
Test Rig: (a) 1204*C (2200*F) Cycle Combustor, 

(b) 1371*C (2500*F) Cycle Combustor 


A block diagram of the sensors and actuators used In -the control 
system Is shown In Figure IR. Functionally the system was divided 
Into four main activities: 

.Operating mode selection 
.Sequencing for start and shut down 
.Closed loop control of airflow and temperature 
.Safety monitoring for emergency shut down 

Mode selection allowed the operator to choose any of four modes 
of operation. Manual - giving full authority to the rig operator to 
set airflow and fuel flow. Auto start - giving full authority to the 
control system to establish llght-off conditions and automatically 
raising airflow and temperature to "idle" conditions after llght-off 
Is detected. Steady state - allowing the operator to Independently 
select airflow and temperature levels for continuous closed loop 
control running. Duty cycle - for continuous operation under the pre- 
programmed duty cycle. 
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Figure 1*) System Block Diagram 


Control sequencing functions were written Into the computer soft* 
ware. Separate sequences were automatically executed to manipulate 
the air control valve, dump valve, fuel and water shut off valves and 
the Ignitor, depending on Inputs to or conditions sensed by the 
control system. Sequence triggering conditions Include auto start, 
normal shut down, and end of cycle or emergency shut down conditions. 

Closed loop control functions regulate the main airflow, fuel 
metering and water control valves to maintain the desired airflow, 
combustor exit temperature and exhaust temperature, respectively. The 
closed loop control functions are active In all modes except manual. 

The safety monitoring function serves to monitor rig operating 
conditions and execute an emergency shut down sequence In the event 
of any one of six malfunctions: 

.Overtemperature at combustor exit 

.Excessive spread of combustor exit temperature 

.Loss of thermocouple at combustor exit 
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Esaantlally tha monitoring function aervas to shut off Imma* 
dlataly rig fual and alrflov and display which malfunction Initiated 
tha shut down. 


Control hardware* other than the sensors and actuators Identified 
In Figure 19, consisted of the Ultra Industrial PAC unit (Figure 20), 
the operator's switching and display panel (Figure 21), and a power 
supply. 


Several difficulties were experienced with the control system as 
might be expected during system development. Most of the development 
problems normally associated with obtaining stable and responsive ana- 
log loops were taken care of In a routine manner. However, four 
problems manifested themselves some time after the Initial system 
development was completed. These were: 

.Excessive peak burner temperatures during duty cycle 
.Flame-outs occurring during duty cycle 
.Flame-outs not properly detected 
.False flame-out Indications 

Initially the flame-ou. detector feature was much simpler and had 
no delay. Also, there was no maximum fuel schedule and the minimum 
fuel schedule was only a function of air flow. Figure 22a shows typi- 
cal performance characteristics of the system In this Initial state. 

Some rationalization was made to the system software to generate 
spare Hues and a spare working store. This allowed the following to 
be Incorporated: 



Figure 21 Operator's Control 
and Display Panel 


Figure 20 Industrial PAC 
Ur it 
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.Naxlfflum fu«l schedule 
.Pcvleed minimum fuel schedule 
.Rjvlsed flame-out detector logic 
.A 200-mllllsecond delay to flame-out detector 

The fuel schedule changes effectively prevented excessive peak 
bu'^ner temperature and frequent flame outs. The combination of 
revised flame out detection logic and time delay eliminated false 
flame out Indications while reliably detecting actual flame outs. 
Figure 22b shows the Improved perfo^marce of the f’llly developed 
system. 

QUALIFICATION TEST RESULTS 

Since the specific load levels In the vane bend test (VBT) and 
shroud pressure test (SPT) were developed from experience with the 
Ford SI3N4 stators, only the Ford stators were automatically subjected 
to these tests. All of the stators, however, were processed through 
the light off (L/0 Qual.) test to qualify for durability evaluation. 
Test results for all the qualification tests conducted on durability 
test candidates are presented In Table 10. 

The Ford stator failure In the VBT originated at a pin hole flau 
In the vane leading edge. The flaw was not detected by any of the NDE 
Inspections. Of the two SPT failures, one resulted from of misalign- 
ment In the fixture and the other was shattered, making It virtually 
Impossible to Identify the fracture origin. This experience prompted 
a revision to both the fixture and SPT technique. A sponge liner was 
added around the stator to prevent Impact damage In the event of 
failure and care was taken to Insure venting of all air Inside the 
pressurized chamber before a significant hydraulic pressure level Is 
reached. The failure of the CBO stator In the L/0 Qual. test origi- 
nated at a large void In the shroud which was uncovered during 
machining. 
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Figure 22 Combustor Exit Tempera tuve Loop Performance, (a) 
Initial Development Phase - Without Maximum Fuel or 
Variable Minimum Fuel Flow Limits. (b) After 
Incorporating Maximum Fuel Flow and Variable 
Minimum Fuel Flow limits 
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TABLE 10 

QUALIFICATION TEST RESULTS 


STATOR VANE BEND SHROUD PRESS. L/0 DUAL. 
VENDOR TEST (VET) TEST (SPT) TEST 

ACC - — 12/0 

CBO — — 10/1 

FORD 13/1 12/2 10/0 

NORTON - — S/0 

TMt«d/Fall«d 

VBT-0.8 Kg (19 LBS.) Load AppOad AxiaHy To 
Innar Stiroud 

SPT— Intamal Hydraulic Praoaura To Produce 
41.4 MPa (60C0 pal) Tanalla Strata In Shroud 

L/0 Qual-10 Uta Tact 


DUHABILITY EVALDATION 

Hot Flowpath Test Configurations 

Several different hot flowpath test configurations were Investi- 
gated in developing the best configurations for stator durability 
testing. Changes evolved as specific problems arose or to accommodate 
stator dimensional variations. 

The original configuration shown in Figure 23a Included an Inner 
shroud extension ring, a non-standard engine part. The ring was 
Intended to prevent hot gas bypassing the second stage stator. 

Although some durability testing was successfully completed, three 
second stage stator failures occurred during the first thirty hours of 
testing. The ring was removed (Figure 23b) and over 300 hours were 
accumulated without any major incident. Only Ford stators were run 
with these configurations. 

Configuration "c" was adopted after a nose cone failure, damaging 
both stators. The first stage stator sustained damage from both the 
front and rear, complicating failure analysis. The second stage sta- 
tor was not actually being subjected to engine conditions because of 
the hot gas swirl generated by the first stage. By eliminating one 
stator and adjusting the rig back pressure, conditions simulating 
engine operation would be maintained on the first stage stator without 
the jeopardy of secondary damage In the event of failure. Stators 
from all four participants were tested In the first stage with con- 
figuration "c". 
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-FIRST STAGE ROTOR 
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FIRST STAGE_ X SECOND STAGE STATOR 

CENTERING RING 

SECOND STAGE 

rotor tip shroud 


SECOND STAGE 
ONE - PIECE STATOR 



SIC RING 


Figure 23 
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nowpoth Ultli Y"i"Tesrst»tot Only In First Stage 
'pl;?tr U)- -e r u“ --ovea. (.) SIC S.Cnp 
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Th* Unt two con f lgiir« t Iona war* udoptvil to «ccommoiUt* CHO ata- 
tora. Configuration "d" had a modlflad noa* con* (th* pilot lip 
roaiovoiO to allow taatlng atatora without machlnad lnn*r ahroud Inald* 
dlam*t*ra. Configuration '**”, with a SIC ring h*hlnd th* atator out*r 
ahroud, wa* u*«d to ovarcom* Intarfac* prohloma which will h* 
dlacuaa*d lat»r. 

Taat Waaulta - 1204*C (2200*r > Cycl* 

Twantv-thra* atatora w*r* t*at*d und«r thla phaa* of th* prograai. 
Includad w*r* Ford, 4 Norton, 4 ACC and 6 CBO atatora. Tahl* 1 1 
praaanta th* haat tlmaa daaionatratad on aach on* of th* four dlff*r*nt 
tvpaa of atatora. Th* data pr*a«nt*d rapraaanta th* hour* and cvcla* 
accumulatad at th* tlm* of th* laat dlaaaaanhlr Inapactlon whan no 
datarlorlatlon waa oha*rv«d. 

Tahl*a I2a and I2h praaant taat raaulta for all 2^ atator* 
t*at*d. Th* Hating la In chronological ordar haaad on th* data of 
th* flrat durahllltv taat run. In atany caaaa th* atatora war* taatad 
altamataly with on* on t*at whll* th* othar waa halng Inapactad. 

Th* flrat four taata In Tahl* I2a, war* nin In configuration "a", 
conalatlng of two atatora and th* Innar ahroud axtanalon ring. Savon 
a«parat* nina war* complatad without a flrat atag* fallur*. Th* thr«* 
a*cond atag* falluroa war* attrlhutad to th* axtanalon ring and It waa 
ramovad froai th* taat aaaoiahlv, raaultlng In configuration *'h". 

Taata ^ and 6 war* a continuation of running with th* hlghaat 
durahllltv tlm* atator (S/N 101461 In th* flrat atag* poaltlon. Th* 
a«cond atag* atator (S/N 100^7^ waa raplacad whan th* raar fac* of th* 
outar ahroud davolopad amall chlpa, making pracla* walght gain 
m»aaur*m*nta difficult. At th* tlm* of ramova I S/N 100S7 had 
complatad S nina and accumulatod ’’It 20 hours of hot taatlng. Including 
ona contlnuoua 12-hour run. In taat 6 th* contlnuoua run tla«* waa 
axpandad. Including two auccaaaful runa of mor* than SO hours. Th* 
high-hour, first stag* atator had accumulatad IS run* and 12,1 '4 thar- 
mal cvclaa In ov*r 224 hot taat hours. Th* sixth run In t*at 6 waa 
Intandad as a 100 hour contlnuoua run. 

Aftar hours a fallur* waa oh*arv*d. Th* noav con* hall 

crackad causing axtanalv* damag* to both stators. At th* tlm* of 
shut-down th* flrat stag* atator had accumulatad IS.OOg tharmal cvclaa 
In 241|2S hot tast hours and th* aacond stag* had 10, All thartnal 
cvclaa In 1'11|1*J hours. 

Th* two damagad atatora ar* shown In Flgur* 24. Six of th* a*v*n 
van* falluraa on th* flrat atag* atator shi>w*d avldanc* of Impact 
damag* from th* trailing adg* aid*. Th* savonth van* waa compl*t*lv 
mlaalng. All fractur* atirfacaa of tha sacond atag* atator had avl- 
danc* of Impact crack Initiation. bacaua* th* axtanalv* sacondarv 
damag* mad* fallur* analysis undulv difficult, alt remaining durabl- 
1 1 tv taat* war* run with only ona atator, in th* first stag* poaltlon. 
Tha taat rig hack praasur* waa adluatad to nalntaln tha sama stator 
Inlat praasur* as had haan nin with th* two-atator conf I gura 1 1 on. 
Thus tha gas valocltv and aarodvnamic loads on tha flrat stag* atator 

war* maintalnad. 
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TABLE 11 Q'J.*Lirv 

BEST DEMONSTRATED DURABILITY 



1204*C (220a*F) CYCLE 


VENDOR 

MATERIAL 

ACCUMULATED DURABIUTY 
RUNS CYCLES HOT HOURS 

ACC 

SUP CAST 
8I,N. 

iS 

S.003 

144 

CBO 

MOLDED 

^IC 

S4 

1S.9S4 

299 

FORD 

MOLDED 

8»,M. 

so 

28,856 

$ S14 

NORTON 

SLIP CAS - 
S*C 

4 

4,624 

82 


TABLE 12 (a) 

FORD STATORS TESTED IN PAIRS — 1204**C (2200**F) CYCLE 


CUMULATIVe DATA 
FOR EACH STATOR 


TEST REF 
NO. 

SERIAL 

NO. 

POS. IN 
RIO 

TEST 

CONFIO. 

RUN 

NO. 

NO. 

RUNS 

HOT 

HOURS 

CYCLES 

STATOR CONDITION/COMMENTS 

1 

10127 

1018S 

FIRST 

SECOND 

A 

1 

2 

1 

1 

2 

2 

:42 

:42 

2:34 

2:34 

IS 

IS 

114 

114 

OK 

OK 

OK 

FAILED, 3 OUTER SHROUD CRACKS 

2 

1003S 

FIRST 

A 

1 

1 

4:30 

240 

OK 


10144 

SECOND 



1 

4:30 

240 

OK 

3 

10144 

FIRST 

A 

1 


8:42 

440 

OK 


1003S 

SECOND 






OK 





2 


12:42 

710 

OK 






U 



FAILED, IMPROPERLY SECURED EXT. RING 

4 

10144 

FIRST 

A 

1 


17;S4 

1,005 

OK 


10127 

SECOND 




7:50 

400 

OK 





2 


20:54 

1,431 

OK 







1040 

1,045 

FAILED, 4 OUTER SHROUD CRACKS 

S 

10144 

FIRST 

B 

1-4 

0 

0447 

3,740 

OK 


100S7 

SECOND 



4 

30:32 

2.144 

OK 





S-S 

13 

100:15 

5,447 

OK. NO TEARDOWN BETWEEN RUNS 






• 

71:20 

1,404 

OK. CHIPS ON REAR FACE , REMOVED FROM 









TEST 

6 

10144 

FIRST 

B 

1-5 

11 

224:32 

U134 

0K\INCLU0ED 4 CONSECUTIVE RUNS 


10110 

SECOND 



5 

124:43 

4,447 

OK J W/0 INTERMEDIATE DISASSEMBLY 





6 

It 

203:20 

15,004 







0 

103:30 

10,511 

> DAMAGED BY NOSE CONE FAILURE 
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Test number 7 (Table 12b) was the test of a Norton stator S/N J 
which successfully completed four runs of 4, 8, 35 and 31 hours, accu- 
mulating 4,624 thermal cycles. A rig malfunction on the fifth run 
resulted in a harsh, audible light-off. An immediate overtemperature 
automatic shut-down occurred; however, the stator had developed two 
outer shroud cracks and five broken vanes. 


TABLE 12 (b) 

SUMMARY OF STATORS TESTED SINQLY — 1204 °C (2200”F) CYCLE 


CUMULATIVE DATA 
FOR EACH STATOR 


TEST REF 
NO. 

VENDOR 

SERIAL 

NO. 

TEST 

CONFIG. 

RUN 

NO. 

NO. 

RUNS 

HOT 

HOURS 

CYCLES 

STATOR CONDITION/COMMENTS 

7 

NORTON 

J 

C 

1-4 

4 

82:13 

4,624 

OK 





5 

5 

82:13 

4.S24 

FAILED, RIG START-UP MALFUNCTION 

8 

FORD 

10162 

c 

1 

1 

4:10 

198 

NOT DISASSEMBLED 





2 

2 

8:35 

240 

FAILED, 1 OUTER SHROUD CRACK 

9 

FORD 

10181 

c 

1 

1 

4:44 

240 

OK 





2 

2 

56:20 

3,240 

FAILED, 1 OUTER SHROUD CRACK 

10 

NORTON 

L 

c 

1 

1 

3:48 

192 

NOT DISASSEMBLED 





2 

2 

8:44 

340 

FAILED, 1 OUTER SHROUD CRACK 

11 

NORTON 

G 

c 

1 

1 

5:55 

300 

OK 





2 

2 

58:28 

3,300 

FAILED, 1 OUTER SHROUD CRACK 

12 

FORD 

10168 

c 

1-50 

50 

51X-41 

28,856 

OK 





51 

51 

523:31 

29,363 

FAILED, 1 SHROUD, 2 VANE CRACKS 





52 

52 

535:19 

30,046 

NO CHANGE 

13 

NORTON 

P 

c 

1-6 

6 

69:43 

3,957 

OK 





7 

7 

82:19 

4,877 

FAILED, 1 OUTER SHROUD CRACK 

14 

ACC 

0125911 

c 

1-15 

15 

143:34 

8,003 

OK 





16 

16 

148:58 

8,286 

FAILED, 3 VANE CRACKS 

15 

ACC 

01089 

c 

1 

1 

5:55 

300 

OK 





2 

2 

12:01 

610 

FAILED, 2 VANE CRACKS 

16 

ACC 

0206957 

c 

1-13 

13 

135:10 

7,720 

OK 

17 

CBO 

55 

c 

1-3 

3 

19:55 

1,006 

OK 





4 

4 

28:31 

1,473 

FAILED, 3 OUTER SHROUD CRACKS 

18 

CBO 

58 

0 

1 

1 

5:18 

251 

OK 





2 

2 

12:28 

726 

FAILED, 1 OUTER SHROUD CRACK 

19 

CBO 

57 

E 

1-2 

2 

17:30 

975 

OK 





3 

3 

29:15 

1,835 

FAILED, 1 OUTER SHROUD CRACK 

20 

ACC 

0116911 

c 

1 

1 

4:51 

264 

OK 

21 

CBO 

68 

E 

1-31 

31 

226:50 

U759 

OK 

22 

CBO 

67 

E 

1-2 

2 

11:45 

860 

OK 

23 

CBO 

71 

E 

1-50 

50 

257:26 

13,733 

OK 
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(a) (b) 


Figure 24 Stators Damaged by Nose Cone Failure: (a) Trailing 
Edge View of First Stage Stator, (b) Leading Edge 
View of Second Stage Stator 

Tests 8 through 11 resulted in unexpected early failures for both 
Norton and Ford stators. An extensive review of the detailed data for 
all eleven tests revealed several contrasting factors between the long 
and short life stators. Specifically for the Ford stators: 

. Stator S/N 10146 survived over 200 hours. It was removed from 
the rig and inspected after each hot run and tested in incre- 
ments of 12 hours or less for the first 68 hours. 

. Stator S/N 10162 failed after only 240 cycles (6:22 hours). It 
was run twice without an intermediate removal. 

. Stator S/N 10181 survived the first 240 cycles (4:30 hours) in 
one run, but failed to survive a second run of 50 continuous 
hours. 

Essentially, the same contrasts appeared for the Norton stators. 

Stator S/N J successfully accumulated over 82 hours but was inspected 

after each hoc run; S/N L failed in only 6 hours but was run twice 

without an Intermediate removal; and S/N G survived a single hot test •’« 

of 300 cycles (5:42 hours) then failed on the second run of 50 hours. ^ 

As has been observed in this and other ceramic test programs, it ^ 

appears that premature ceramic component failures occur under con- 
ditions related to ceramlc-to-ceramic Interfaces. In this program. 
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th« first such condition Involved a restart of the test after a 
complete cooldown without some slight reorientation of components as 
normally occurs during rebuild. The second condition Is prolonged hot 
testing (a.g. 90 hours) before stabilising component Interface 
surfaces. 

In an effort to Isolate this situation, durability tasting was 
resumed under a test schedule which allows for a complete hot flowpath 
teardown after each hot run. In addition, no attempt at a 50-hour run 
would be made until accumulating at least 100 hours of durability. 

The revised test schedule was first used with a Ford stator (teat 
#12), accumulating over 100 hours In increments of roughly 12 hours. 
A Norton stator was then started (test #13), and the two alternated on 
successive tests. One outer shroud crack was found In the Norton sta- 
tor during routine Inspection when the stator had completed 4,677 
cycles In 82 hours of tasting. The stator was removed from the dura- 
bility test. 

Evaluation of the Ford high-hour stator continued. Routine 
visual Inspection after accumulating 523:31 test hours and 2<>,363 
thermal cycles revaalad a crack through the outer shroud and two vane 
cracks, as shown In Fig. 25. No cracks were observed during the pre- 
vious Inspection, after 28,856 cycles. The stator condition was docu- 
mented, It was then ra-lnstalled In the rig for continued testing to 
meet the program objectives. The stator, despite the cracks, con- 
tinued to function satisfactorily and no additional cracks occurred. 
In total the stator accumulated 535 hours of hot testing, which 
Included 30,046 thermal cycles. 

The first ACC stator evaluated (S/N 0125411, test #14) success- 
fullv completed 15 runs, accumulating 144 hours snd 8,008 thermal 
cycles. Visual Inspection showed no signs of distress except for two 
small chips on the outer shroud faces which appeared after the third 
run. Roth chips were at the outer diameter. The I6th run was made 
after a six week Interruption In testing. 

After running over 4 hours, a vane failure was observed. The 
Inner shroud segment and 6.2 mm (0.25 Inches) of vane #24 broke away. 
The fracture started at the loading edge approximately 3.1 mm (0.12 
Inches) from the shroud segment. Two other vanes (#14 and #25, Figure 
26) developed similar cracks starting at the leading edge and curving 
outward up the vane. All cracks appear thermally Induced as there was 
no evidence of Impact damage and no flaws on the fracture surface of 
vane #24. The stator had accumulated a total of 144 hours and 8,241 
thermal cvcles. 

In test #15 ACC stator S/N 01084 successfully completed an Ini- 
tial 5-hour run with 300 thermal cycles. The second run was made with 
no signs of distress. However, the teardown Inspection revealed two 
vane failures (#6 and #8). These vanes were found resting loosely in 
their normal position, suggesting failure occurred during shut-down. 
Roth failures Initiated at fabrication flaws in the vane leading edge 
(Figure 27). The flaws were pre-nl trldlng cracks extending approxima- 
tely 0.51 mm (0.020 Inches) In from the leading edge. Roth flaws were 
observed and recorded during the "as-received" Inspection. 
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Figure 25 Ford Stator Cracks Observed After Completing 523 
Hours and 2<),363 Thermal Cycles: (a) Outer Shroud 

Crack Between Vanes 12 A 13, (b) Fillet Radius 

Cracks In Vanes 10 & 11 Extend From Trailing Edge 
to Arrows 
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Figure 26 ACC Stator S/N 0125911 Leading Edge Cracks Observed 
After 149 Hours of Durability Testing: (a) Vane 19; 
(b) Vane 24; (c) Vane 25 


Two other ACC stators were run without Incident (tests #16 and 
#20). Stator S/N 0206957 completed 13 runs, accumulating 135:10 hours 
and 7,720 thermal cycles. Testing of this stator was Interrupted for 
8 weeks after the second run, suggesting that test Interruption was 
not a factor In the failure of S/N 0125911 (test #14). ACC stator S/N 
0116911 was run once, accumulating 4:51 hours and 264 thermal cycles. 

The first CBO stator tested was S/N 55 which was machined to the 
"c" configuration, l.e. Inner shroud fully machined to fit over the 
nose cone bell as shown In Figure 23d. The stator successfully 
completed 3 runs (test #17), accumulating 1,006 thermal cycles In 
19:42 hours. After the fourth run the stator was found to have 
cracked through the outer shroud In 3 places. Preliminary Investiga- 
tion of the fracture surfaces Indicated that all three fractures ori- 
ginated at the vane trailing edge/shroud Junction. The stator was 
returned to CBO, at their request, for additional f rac tographlc analy- 
sis. Their analysis revealed no apparent flaws on the fracture sur- 
faces and a uniform microstructure. 
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Flgur<! 27 ACC Stator S/N 01089 Vane Failures After Duty Cycle 
Durability Testing. Arrows Indicate Flaw Locations 


For test #18 CBO stator S/N 58 was machined for the "d" con- 
figuration. Inner shroud machining was limited to opening up of the 
slots In 6 locations where the slot widths were below the 0.152 mm 
(0.006 Inch) minimum required. Post machining zyglo Inspection Indi- 
cated vane trailing edge/outer shroud junction cracks on vanes 11 , 12 
and 14 as jhown In Figure 28. In addition, two pressure side fillet 
radius cracks were Indicated on vanes 22 and 25. 

The stator survived the first run of 5 hours without Incident or 
signs of crack propagation. After the second run the stator was 
cracked through the outer shroud and trailing edge of vane #14 as 
shown in Figure 29. The trailing edge chip shown In the photograph 
was observed and recorded during the "as received" Inspection. In 

total this stator had completed 977 thermal cycles in 17:46 hours of 
hot testing. 

CBO stator S/N 57 (test 19) was run In the modified configuration 
with a SIC/SIC Interface at the back face of the stator (configuration 
"e" Figure 23). A specially machined SIC ring was installed In place 
of the standard SI 3 N 4 rotor tip shroud. Two runs of 5 and 12 hours, 
accumulating 975 thermal cycles, were successfully completed. After 
the third run (approximately 12 hours) the outer shroud was found 

cracked at the trailing edge/shroud junction of vane number 22. It 
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Figure 28 CBO Stator S/N 58, Zyglo Indications at Trailing 
Edges of Vanes 11, 12 and 14 - After Machining 



Figure 24 CBO Stator S/N 58. Crack Through Trailing Edge of 
Vane 14 and Outer Shroud After Duty Cycle Testing 

for 17:46 Hours 
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should be noted that no significant zyglo Indications had beer 
observed In the failure region after finish machining. 

Visual Inspection of sUtor S/N 57 outer shroud faces revealed 
numerous small white discoloration areas on both the front face 
(SIC/SI 3 N 4 Interface) and rear face (SIC/SIC Interface). The surfaces 
of the discolored areas appeared both as material bulld-up and as 
shallow craters. 

The first three CBO stators evaluated survived the Initial 5 hour 
runs without Incident. These same stators show evidence of the loca- 
llred Interface surface damage after having been run continuously for 
approximately 12 hours. Consequently a revised test procedure was 
adopted In which each test run was limited to approximately 5 hours, 
and the Interface surfaces were cleaned with 280 mesh SIC abrasive 
paper between runs. 

Stator S/N 68 survived over 225 hours using this procedure. 
Stator S/N 67 also survived 2 runs without Incident. 

CBO stator S/N 71 was originally withheld from the durability 
evaluation because one vane had been accidentally broken off during 
machining. Test run number 23 In Table 12b was run In a deliberate 
attempt to develop the shroud surface discolorations observed earlier. 
Because of facilities limitations the stator was only run In five hour 
Increments. A complete teardown was made following each run, however 
no clean-up of the shroud faces was performed. No bulld-up or surface 
damaged appeared and the stator survived 51 runs, completing over 252 
hours of hot testing and 14,021 cycles before testing In this con- 
flgura*^lon was discontinued. Some additional test results on this and 
several other CBO stators will be presented later. 

Test Results - 137TC (2500*F) Cycle 

This phase of the evaluation encompassed more than 300 hours of 
cyclic testing at temperatures up to 1371*C (2500*F). The stators 
evaluated were those fabricated by ACC, CBO and Ford, all made from 
materials which had potential for use at the elevated temperature. 

As a preliminary evaluation, two stators of each material were 
Initially run for approximately 4 hours. All six tests Included the 
1371*C (2500*F) portion of the duty cycle. The SI 3 N 4 stators (ACC and 
Ford) were run In the *'c" configuration. Figure 21. The CBO SIC sta- 
tors were run In the ”e" configuration. All six stators survived 
durability cycling without Incident. 

One each of the CBO and Ford stators were continued on durability 
test, running alternately. The Interface cleaning procedute was 
applied to both stators after each rjn. No failures occurred and no 
new problems developed. The CBO stator accumulated 9,018 thermal 
cycles In 160 test hours. The Ford stator accumulated 9,085 thermal 
cycles In 161 hours of testing. A summary table for all stators run 
on the 1371*C (2500*F) cycle Is presented In Table 13. 


- 48 - 


TABLE 13 

1371 *C (2500 *F) DURABILITY TEST RESULTS 
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VENDOR 

STATOR 
SERIAL NO. 

TEST 

CONFIG. 

NO. 

RUNS 

HOT 

HOURS 

CYCLES 

STATUS 

ACC 

0312M1 

C 

1 

3:36 

170 

OK 

ACC 

0221922 

c 

1 

S:12 

2S0 

OK 

CBO 

60 

E 

22 

166*.54 

6.010 

OK 

CBO 

67 

E 

1 

4:12 

220 

OK 

FORD 

10206 

C 

23 

161:11 

9.0SS 

OK 

FORD 

10061 

c 

1 

4:24 

235 

OK 


Supplemental Durability Testing 

After completing all contractual durability evaluation recjulre- 
ments, the effect on durability of the SI 3 N 4 /SIC Interface, pol* 1. 
of Interface surfaces and disassembly between runs was st . * 1 

question. Supplemental .durability testing was conducted r 
Carborundum stators to further evaluate these variables. 

Stator testing ..«.d shown that SIC stators could survive when 
running against SI 3 N 4 shrouds as In tests 7,11,13,17 and 18 (Table 
12b). Yet, all those stators failed In less than 100 hours (30 hours 
for CBO stators). .Stators tested with a SIC/SIC Interface failed In 
as few as 3 runs, as In test 19, but also survived 30 runs, as In test 
23. Polishing of Interface surfaces appeared highly beneficial, as In 
tests 21,22 and the two successful tests in Table 13. Yet, CBO stator 
S/N 71 accumulated over 250 hours in 50 runs without polishing (test 
23, Table 12b). The need for disassembly between runs seemed signifi- 
cant based on the results of tests 8 and 10 . 

Examination of fracture surfaces of CBO stators suggested that 
still another factor could be Influencing durability test results. 
Fracture surfaces of all three stators which failed on durability had 
coarse grains as well as the fine grain a SIC. Stator S/N 71 which 
had accumulated the highest time of all CBO stators had none of the 
coarse grains on the fracture surface of the vane broken off during 
machining. 

The four CBO stators run In the supplemental durability testing 
are Identified In Table 14. All had successfully accumulated some 
durability test time as shown In the table. 

In order to Identify the type of grain structure In the stators, 
one vane was bend tested to failure in each stator. Only S/N 71 had 
the fine, uniform grain structure. Stators S/N 60,67 and 68 all had 
grain structures similar to that on stators which had previously 
failed on durability test. 
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TABLE 14 

CARBORUNDUM STATORS 

HISTORY PRIOR TO SUPPLEMENTAL DURABILITY TESTS 

ACCUMULATED TESTINQ 


MRIAL 


NUMBER 

RUNS 

HOURt 

CYCLES 

TESTINQ CONOmONt 


22 

1SN44 

0.010 

1371 *C (2000 *P) CYCLE 

•7 

2 

'.i:4S 

BOO 

1204 *C (2200 *P) CYCLE 


1 

4:12 

220 

1371 *C (2000 *F) CYCLE 


2 

1f:S7 

000 


M 

31 

220:50 

1t7S0 

1204 *C (2200*P) CYCLE 

71 

SO 

2S7-.2t 

13,733 

1204 *C (2200*P) CYCLE 


The supplemental durability testing was conducted using the lower 
temperature cycle since failures had only been encountered with that 
cycle. All testing was done In the ”d" configuration, shown earlier In 
Figure 23. A summary of the supplemental durability testing Is pre- 
sented In Table 15. 

Stators 71 and 67 were Initially tested for 9 and 5 runs, respec- 
tively, with disassembly between runs, but without polishing. Run 
times ranged from 1.5 to 8 hours. Both stators survived. Both sta- 
tors were then tested without disassembly between runs on separate 
days after a complete ^hut down. S/N 67 successfully completed tests 
of two and four consecutive runs. Stator S/N 71 s-'<*cessfully 

completed a test of five consecutive runs. The last two stators S/N 
68 and 60, also successfully completed tests of four consecutive njns. 


TABLE 15 

CARBORUNDUM £TATOR8 
SUPPLEMENTAL DURABILITY TESTINQ 



TtiT 

ACCUMULATCD 


tCNIAL 

NUN 

OUNAOlUTY 


NUMBSN 

NUMOIN 

NOUNS 

CYCI.IS 

CONDITION 

71 

1-S 

2SM 

1,430 

OK 


(10-14) 

13:42 

731 

OK 

S7 

1-4 

14:24 

1,074 

OK 


(•■7) 

4:44 

347 

OK 


(0-11) 

12:14 

424 

OK 

M 

1 

2:24 

110 

OK 


(2-4) 

17:34 

444 

OK 

M 

(1-4) 

13:14 

700 

OK 


AN TaaU Nun WHh Near Intsflaoe 

( ) CoraeeuMve Tm< Nuns IncorporaMng CompMs Cool Down 
And Ntolarl WIMtowl Inlonnodlalo Oliasssmbty 
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Since none of these four stators failed, these tests clearly 
demonstrate that SIC stators can run with matlnn SI 3 N 4 components and 
that polishing of the Interface surfaces Is not essential. Also these 
material combinations can withstand cool-down and restarts represen- 
tative of automotive turbine engine operation. However, since all 
fcjr stators had accumulated some running time (35 to 285 hours) 
before the consecutive run testing, the possibility of a "run-in” 
mitigating the Interface problem still exists. 

All four stators were subsequently vane bend tested to failure 
for bend strength data. The test results are presented later In the 
Vane Bend Strength Testing section. The test results, however, did 
not show any significant differences between CBO stators which failed 
or survived durability testing. 

Weight Gain 

Stator weight was recorded during each of the routine teardown 
Inspections throughout the durability evaluation. All the SIC stators 
(CRO and Norton) showed virtually no weight change. The SI 3 N 4 stators 
(ACC and Ford) all exhibited weight gain, with the rate of weight gain 
decreasing with Increasing durability time. 

Weight gain curves for high-hour Ford stators are shown In Figure 
30. The Initial weight gain Is the sane under both duty cycles. 



Figure 30 Weight Cain of Ford Sl^N^ Stators 
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However, the stator run under the 1371“C (2500®F) cycle has stabilized 
after 75 hours while stators tested under the 1204*C (2200®F) cycle 
exhibited an Increasing weight even after 500 hours of testing. 
Weight gain for the ACC SI 3 N 4 stators showed a ' significantly different 
trend for the two different cycles. At the lower temperatures the 
weight gain was similar to Ford SI 3 N 4 stators. However, during the 
short times run under the higher temperature cycle the Initial weight 
gain was approximately four times as high as those for the lower tem- 
perature cycle as shown In Figure 31. 

Dimensional Stability 

Stator dimensional stability was monitored during the durability 
evaluations. The dimensional checks Included the outer shroud flat- 
ness, roundness and maximum and minimum diameters. Data was recorded 
before test, after the first run, and thereafter In approximately 50 
hour Increments. 

All SIC stators showed excellent dimensional stability throughout 
the durability testing. No significant changes were observed for any 
of the measurements. 
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Figure 31 Weight Gain of ACC SI 3 N 4 Stators 
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The SI 3 N 4 stators showed no significant changes in outer shroud 
front face flatness. However measurable changes were obtained for the 
outer shroud nominal diameters (average of max. and min. diameters). 
Data obtained on all Si 3 Ni^ stators having successfully completed over 
50 hours of durability is shown in Figure 32. At least 3 stators show 
clear trends of increase in diameter with durability time. Four other 
stators show no clear trend in dimensional variations and the data 
shown may merely reflect the inherent error in measurement. 


Vane Bend Strength Testing 

Vane bend testing was useful not only in qualifying Ford stators 
but also in generating data for determining proof- test levels on other 
stators, the effect of durability on stator strength, and for ana- 
lyzing durability test results. Data was obtained on several stators 
of each type with and without durability hours accumulated. The data 
generated was plotted using Ueibull statistics and a population line 
estimated for a two parameter Veibull distribution using a Maximum 
Likelihood Estimator (MLE) computer program [ 6 ], All vane bend 
strength data was obtained by loading from the leading edge side. 

The first phase of the Norton fabrication effort Involved the 
delivery of one stator to demonstrate process capability and for pre- 
liminary evaluation other than durability. In an attempt to establish 



Figure 32 Stator Outer Shroud Dimensional Variation for ACC 

and Ford S1,N, Stators 
3 4 
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a VBT load level, this stator was first zygloed and 5 vanes with flaw 
Indications were loaded to failure. The stator was then llght-off 
tested with no failures and no new zyglo Indications. All remaining 
vanes were tested to failure. The resulting failure load distribu- 
tions are shown In Figure 33. The curves Indicated that although an 
8.6 Kg. (19 lb.) proof test load would break 90% of flawed vanes. It 
would also break 70% of the vanes able to withstand the llght-off 
test. Consequently the VBT was not used for qualifying Norton stators 
for durability. 

ACC stator S/N 01089, which had failed two vanes on the second 
durability test subsequently had all remaining vanes bend tested to 
failure. Fracture surfaces were visually examined at 30X for failure 
origin or flaw evidence. All fractures originated at the leading edge 
area. Seventeen of the 23 vanes had pre-ni trldlng, o Si^N^ planar 
defects near the leading edge. Twelve of the vane flaws had pre- 
viously been recorded during the "as-received" visual Inspection. 

Welbull plots for three groupings of the failure load data are 
shown In Figure 34. The first group (Curve A) Includes- only the data 
from vanes with surface flaws detected In the "as-received" condition. 



FAILURE LOAD (Kg) 


Figure 33 Failure Load Distribution of Flawed and TInflawed 
Vanes Loaded From Leading Edge Dlrectlon-Norton 
Slip Cast SIC Phase I Stator 
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These vanes exhibited a low characteristic strength of 7.1 Kg (15.7 
Lbs.) and considerable scatter (m«5.0) but could readily he screened 
out by visual NDE. The second group (Curve B) Includes the 11 vanes 
with no visible surface cracks In the failure region. A significantly 
higher strength Is achieved but the scatter remains due to the pre- 
sence of sub-surface f*aws such as those shown In Figure 35. 
Screening out of such flawed vanes requires more elaborate NDE beyond 
visual Inspection or use of qualification testa such as the vane bend 
test. In the case of this stator, 84X (16/19) of the flawed vanes 
would have failed at the 8.6 Kg (19 lb) load level. 

The third grouping In Figure 34 (Curve C) Includes only those 
vanes with no observed flaws at the fractured surface. The charac- 
teristic strength was Improved still further to 13.1 Kg (29.0 lbs.) 
and a significant reduction In the scatter achieved (m-9.9). 

A summary of all the vane bend test data obtained on CBO stators 
Is presented In Table 16. The data does not Indicate any clear rela- 
tionship between bend strength and durability life. The highest hour 
stator, S/N 71, had the best slope and characteristic strength. 
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Figure 34 Welhull Curves for Vane Bend Test Results From ACC 
Stator S/N 01084. (A) Vanes With Flaws Observed 

During "as-received" Visual Inspection. (B) Vanes 
Without Flaws Observed During "as-received" Visual 
Inspection. (C) Six Vanes From (B) Without Flaws 
on Fracture Surface 


i 
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Typical Vane Flaws cm Fracture Surface Not Observed 
on Vane Surface During "as-received" Visual 
Inspection. ACC Stator S/N 01089: (a) Vane #5; (b) 
Vane i^l9 


However, other stators such as S/N 67 and 68, which successfully 
completed 54 and 246 hours, respectively, had slopes and charac- 
teristic strengths essentially the same as for S/N 57 which failed in 
less than 30 hours. 


Figures 36 through 39 present vane bend strength data generated 
fcr evaluating the effect of durability testing. Four stators from 
each participant were vane bend tested to failure; two with no (or 
very little) test time and two with the highest durability times. 
Vanes which had been cracked or damaged during durability testing were 
not Included. Based on the computer generated population estimate 
line, no significant reduction in Welbull slopes or characteristic 
strengths occurred during durability testing for any of the materials. 
The MLE straight line fit to the data in these figures will be 
discussed later. 
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TA3LE 16 

CARBORUNDUM STATORS 
VANE BEND STRENGTH SUMMARY 


STATOR 

SERIAL 


DURABILITY CYCLE 
TEST RESULTS 


STATISTICAL STRENGTH DATA 


NUMBER 


SIZE 

m 



57 

FAILED IN 29:15 HOURS 

24 

4.5 

19.2 

60 

SURVIVED 173:09 HOURS 

23 

0.6 

17.0 

67 

SURVIVED 54:49 HOURS 

24 

5.1 

19.1 

60 

SURVIVED 246:53 HOURS 

24 

4.7 

19.3 

71 

SURVIVED 299:14 HOURS 

20 

6.9 

16.6 

56 

NOT DURABIUTY TESTED 

17 

5.5 

15.4 

59 

NOT DURABIUTY TESTED 

14 

6.3 

15.5 



(a) (b) 

Figure 36 Vane Bend Strengths of ACC SI 3 N 4 Stators: 
(a) Without Durability Cycle Testing - S/N 0227922 
and 0212926. (b) After Testing - S/N 0125911 

(199 hrs) and S/N 0206957 (135 hrs) 
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Figure 37 Vane Bend Strengths of CBO SIC Stators: (a) Without 
Durability Cycle Testing - S/N 56 and 59, (b) 

After Testing - S/N 68 (247 hrs) »nd S 71 (299 
hrs) 



n » 26 
m = 8.9 
e *17.3 
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(b) 


Figure 38 Vane Bend Strengths of Ford Sl^N, Stators: (a) With 
0-10 hrs Testing - S/N 10137 and 10082. (b) After 
Testing - S/N 10146 (293 hrs) and 10063 (535 hrs) 
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Figure 39 Vane Bend Strengths of Norton SIC Stators: 

(a) Without Durability Cycle Testing - S/N H and 0. 

(b) After Testing - S/N J (82 hrs) and P (82 hrs) 


Discussion 

The durability evaluations conducted have clearly demonstrated 
that ceramic one-piece stators of SI 3 N 4 and SIC materials can survive 
under the severely transient conditions typical of automotive gas tur- 
bine operation. In fact, no failures occurred In 20 test attempts 
where the stator was Initially run for one complete, uninterrupted 
4-hour duty cycle. These 20 tests Included stators from all four par- 
ticipants and subjected the stators to the full range of predictable 
aerodynamic loads and thermal stresses. 

However, numerous failures were experienced which are believed 
caused by ceramic Interface forces acting on the stator outer shroud. 
Differential thermal expansions between the stator shroud and adjacent 
parts are generated because of differences In thermal response and 
materials. The specific stress pattern developed In the stator shroud 
depends on a number of variables: whether or not relative movement 
occurs, location and magnitude of friction forces, and direction of 
forces (during upshock or downshock). The effects of Interface fric- 
tion are clearly evident from the test results. Specifically: 

. Most stator failures occurred In the outer shroud. 
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. Stators tested In the second stage position, with Increased 
axial loads, developed extensive chipping on their rear face. 

. Localized sticking of stators to adjacent parts was observed 
frequently. 

. Stators tested using the disassembly/polishing p* ocedure sur- 
vived for hundreds of hours. 


A complete Investigation of ceramic Interface phenomenon was 
beyond the scope of this program, however. It Is significant that the 
Interface friction problem could be circumvented by frequent 
disassembly to meet the program durability time objectives. Further 
work Is obviously needed to fully understand ceramic Interface 
problems and develop the material/design criteria necessary for suc- 
cessful long term operation. The test rig and procedures used In this 
program are Ideal for this purpose and some Initial In-house work Is 
showing some promising Interface developments. 

The vane bend testing conducted has served to reinforce the use- 
fulness of such tests as a quality check on ceramic components. For 
example, the data In Figure 34, for an ACC stator, shows that even If 
that stator contained none of the flawed vanes of curve A (observable 
by visual NDE) the stator would have failed 3 vanes at an 8.6 Kg (19 
lb.) qualification level. Such a situation occurred In Stator S/N 
10137 vhlch was used In generating the data for Figure 38a. The sta- 
tor was Judged acceptable by NDE, but failed to pass the VBT. The 
Inferior quality of that stator Is further evidenced by the fact that 
all four of the lowest data points plotted In Figure 38a are from that 
stator. 

Two further observations regarding Figures 36 through 39 should 
be considered. First, the two-parameter MLE fit to the data points Is 
obviously not a good fit. This suggests that mixed failure modes or 
distributions are present In complex shaped parts such as the stator. 
Second, the slopes of the NLE lines are lower than usually observed 
for material characterization samples. For example. In the material 
property characterization effort In this program, test bar strength 
data for the Ford and Norton materials had slopes of 10.6 and 5.8 
respectively. The slopes of the VBT data on these same two materials 
were In the ranges of 8.2 to 8.9 and 3.1 to 5.1, respectively. 

These observations regarding the VBT data suggest that additional 
work Is needed In the component fabrication technology. Future work 
should Include the fabrication and testing of large numbers of ceramic 
components to Improve the component processing technology and to deve- 
lop correlation between materials development data and materials pro- 
perties achievable In structural ceramic components. 
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